





Reflectance	 Transformation	 Imaging	 (RTI)	 has	 been	 increasingly	 used	 for	 the	 recording,	
documentation,	and	analysis	of	cultural	heritage.	A	series	of	images	of	a	static	object,	taken	
in	raking	light	at	constant	exposure,	is	synthetized	using	Polynomial	Texture	Mapping	or	the	










This	 study	 evaluates	 the	 use	 of	 RTI	 as	 an	 alternative	means	 for	 the	 study	 of	 historic	wall	













(HSH)	 resulting	 in	 polynomial	 texture	 maps	 (PTMs)	 or	 reflectance	 transformation	 images	
(RTIs).	[2]	These	visualisations	capture	not	only	colour,	but	also	texture	information,	revealing	
low	 relief	 detail	 and	 emphasizing	 texture	 topography	 of	 surfaces.	 In	 the	 case	 of	 painted	
surfaces,	 RTI	 has	 found	 applications	 from	 the	 identification	 of	manufacturing	 techniques,	
condition	assessment,	treatment	documentation	and	monitoring,	evaluation	of	conservation	
materials	[3],	examination	and	documentation	of	wall	painting	fragments,	easel	paintings	[4],	






historic	 interiors.	 More	 commonly,	 this	 would	 be	 achieved	 through	 Architectural	 Paint	
Research	(APR),	a	process	of	examining	the	painted	finishes	to	the	interior	or	exterior	of	an	



















The	 Temple	 family	 acquired	 the	 estate	 in	 1589,	 but	 it	was	 not	 until	 the	 late	 seventeenth	
century	that	a	house	was	built	by	Sir	Richard	Temple,	to	the	designs	of	William	Cleare.	[10]	
During	 Viscount	 Cobham’s	 tenure,	 the	 house	 underwent	 some	 of	 its	 most	 significant	







the	 finest	seat	 in	England’.	 [12]	After	Vanburgh’s	death	 in	1726	the	work	continued	under	
William	Kent,	who	was	then	working	on	a	number	of	designs	for	structures	and	temples	in	the	








and	 Stowe	 House	 represents	 his	 last	 recorded	 and	 most	 significant	 commission,	 having	
worked	for	Viscount	Cobham	between	1731	and	1747	on	a	number	of	paintings	within	the	
house	and	gardens.	In	his	eighteenth-century	guidebooks	on	Stowe,	Benton	Seeley	describes	
the	 East	 Staircase	 -	 later	 referred	 to	 as	 the	 Grand	 Staircase	 -	 as	 being	 ‘ornamented	 with	
ironwork’,	and	refers	to	‘three	paintings	by	Francesco	Sleter,	Fame	and	Victory,	which	survives	
on	 the	 ceiling	 above	 the	 staircase,	 and	 two	 others,	Constancy	 and	 Plenty	 and	 Justice	 and	
Peace’,	although	the	positions	of	these	works	were	not	noted,	and	the	walls	were	described	























the	plaster	and	 the	accumulation	of	overpaint	made	 interpretation	of	 some	passages	very	
difficult,	and	an	examination	of	six	representative	areas	of	the	wall	paintings	using	the	RTI	










The	selected	areas	of	wall	paintings	were	visualized	 in	 .rti	 and	 .ptm	 file	 formats.	The	data	






fitting	 of	 the	 images	 was	 completed	 resulting	 in	 a	 synthetized	 image,	 with	 interactive	
relighting	visualisation	of	a	section	of	the	wall	painting.		The	images	were	then	viewable	using	
RTIViewer,	 a	 CHI	 software	 program	 partner	 to	 RTIBuilder,	 which	 enables	 interactive	
manipulation	 of	 the	 lighting	 position.	 [16]	 Sections	 of	 the	 wall	 paintings	 visualised	 in	 .rti	
format	could	be	viewed	as	if	it	were	lighted	from	different	directions,	helping	the	viewer	to	
better	understand	the	surface	topography.	The	RTI	image	can	be	further	enhanced	through	
different	 rendering	modes	 such	 as	 through	 the	 application	 of	 digital	 imaging	 filters	 or	 by	
changing	the	intensity	of	lights.	During	viewing,	two-dimensional	images	in	.jpg	format	-	as	




documentation	 and	 sharing,	 and	 provides	 a	 unified	 platform	 for	 heterogeneous	
documentation	 of	 historical	 materials,	 including	 two	 and	 three-dimensional	 images,	
computed	tomography	and	textual	information.	For	the	purposes	of	the	present	study,	CHER-
Ob’s	 multilevel	 annotation	 framework	 for	 RTI	 images	 was	 used	 as	 it	 allows	 both	 general	
annotations	for	RTI	files,	as	well	as	point	and	polygonal	annotations,	mainly	used	as	pointers	
for	features	revealed	during	the	examination	of	visualisations.	Easy	organization	and	retrieval	
of	 annotations	 are	 possible	 via	 the	 classification	 schema	 and	 the	 sort,	 filter	 and	 search	
options.	 The	 classification	 schema	 includes	 ten	 predefined	 categories	 that	 represent	 a	








Normal	 map	 visualisations	 derived	 from	 RTIs	 were	 generated	 using	 the	 Hemispherical	
Harmonics	fitter	(HSH).	The	average	variability	of	the	surface	normals	was	calculated	based	
on	data	extracted	from	ImageJ	software	as	standard	deviation/mean*100,	according	to	the	
method	 developed	 by	 Marcello	 Manfredi	 et	 al.	 for	 the	 measuring	 of	 change	 in	 cultural	
heritage	object.	[19]	This	strategy	was	originally	proposed	for	condition	monitoring	purposes,	
but	can	potentially	provide	useful	information	for	APR.	The	resulting	average	variability	values	











as	 seen	 in	 Fig.	 4	 B-H,	 were	 generated	 from	 a	 single	 lighting	 angle	 and	 demonstrate	 the	
available	 options	 for	 further	 mathematical	 enhancement	 via	 the	 interactive	 re-lighting	 of	
images.	The	default	RTI	visualisation,	that	is,	without	mathematical	enhancement,	is	significantly	
intensified	using	the	'diffuse	gain'	and	'specular	enhancement'	rendering	modes,	particularly	
with	 regard	 to	 the	perception	of	shape,	as	demonstrated	by	 the	enhanced	visualisation	of	

















schemes	 1	 and	 2	 share	 the	 same	 solubility	 parameters,	 chemical	 techniques	 of	 exposure	
risked	damaging	the	high	points	and	reducing	surface	normal	variability.	As	demonstrated	in	
Fig.	 6,	 RTI	 provides	 an	 enhanced	 visualisation	 of	 these	 exposures	 when	 compared	 to	 2D	
images,	and	more	clearly	demonstrate	the	differentiation	between	the	colours	and	cumulative	
textures	of	each	scheme.		











prior	 to	 each	 new	 phase	 of	 decoration,	 and	 relate	 to	 cracks	 in	 the	 plaster	 substrate	 and	

































area	 to	 the	 South	wall	 of	 the	 staircase	 visualised	 in	 RTI	 reveals	 numerous	 horizontal	 and	
vertical	lines,	possibly	a	stylised	Greek	key	design,	visible	in	the	rendering	mode.	
Although	 these	 results	 are	 encouraging,	 the	 revelation	 and	 interpretation	 of	 overpainted	
motifs	is	a	challenging	task.	The	current	condition	of	the	scheme	of	wall	paintings	in	the	East	
staircase	at	Stowe	is	a	result	of	a	long	and	complex	history,	due	to	a	series	of	redecoration	
schemes	 and	 concealed,	 historic	 repairs	 as	 evident	 from	 the	 paint	 archaeology.	 The	 RTI	
visualisations	emphasise	the	textural	topography	of	the	wall	painting,	including	the	substrate,	
brush	marks,	and	the	raised	edges	of	the	decorative	motifs,	as	well	as	areas	of	damage	and	
repair.	 However,	 these	 can	 be	 difficult	 to	 interpret	 when	 superimposed.	 A	 characteristic	
example	is	shown	in	Fig.	12	A.	In	an	attempt	to	assist	with	the	interpretation	of	visible	features,	
the	 live-screen	draw	application	was	employed.	The	 features	 revealed	via	RTI	were	 traced	
during	 viewing	 and	 colour	 grouped	 according	 to	 their	 characteristics,	 either	 as	 painted	









ptm	 files,	 such	 as	 the	 RTIViewer,	 but	 also	 an	 understanding	 of	 the	 deterioration	 of	 wall	
paintings	 and	 commonly	 used	 restoration	 methods,	 as	 well	 as	 some	 knowledge	 of	 the	
iconography	of	the	period	and	techniques	of	the	artist.	As	such,	interdisciplinary	collaborative	
research	may	be	necessary	for	the	successful	interpretation	of	the	data.	This	may	be	made	





their	 nature.	 Comments	 and	 images	 included	 in	 annotations	 can	 also	 provide	 necessary	




















the	 enhanced	 view	 of	 planar	 deformations	 gave	 very	 useful	 information	 about	 previous	
repairs	that	were	not	readily	discernible.	As	such,	RTI	could	be	a	very	useful	tool	to	appraise	














and	 dissemination	 and	 users	 can	 explore	 digitised	 artefacts	 using	 online	 and	 interactive	
relighting	modes.	Similarly,	the	automatic	report	generation	in	web-based	format	and	video	




This	 article	 has	 presented	 the	 first	 application	 of	 RTI	 technology	 for	 the	 study	 of	 historic	
interiors,	using	Stowe	House	as	a	case	study.	It	has	laid	down	the	foundation	of	studying	the	
potential	 to	 use	 RTI	 applications	 for	 APR	 and	 the	 study	 of	 historic	 interiors.	Undoubtedly,	
further	work	is	necessary	regarding	the	limitations	of	the	technique,	but	results	indicate	that	
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Figures:	
	
Figure	1:	(above	right)	A	section	of	trompe	l’oeil	architectural	detailing	uncovered	on	the	
South	wall	of	the	upper	landing	and	(above	left)	an	illustration	showing	the	likely	
composition	of	paintings	on	the	South	wall,	with	a	series	of	fictive	niches,	and	a	red	box	
indicating	the	location	of	the	uncovering	(not	to	scale).	Architectural	drawings	supplied	by	
Purcell,	architects	to	Stowe	House	Preservation	Trust	©	Hirst	Conservation	Ltd	
	
	
Figure	2:	(above	right)	A	section	of	trompe	l’oeil	painting	within	the	outline	of	the	niche,	
depicting	a	female	figure,	and	(above	left)	an	illustration	indicating	its	location	on	the	North	
wall	of	the	upper	landing	(not	to	scale).	Architectural	drawings	supplied	by	Purcell,	architects	
to	Stowe	House	Preservation	Trust	©	Hirst	Conservation	Ltd	
	
	
Figure	3:	The	locations	of	the	RTI	trials	marked	on	the	north	(above	left)	and	south	wall	
(above	right)	elevations	are	marked	with	green	boxes.	Architectural	drawings	supplied	by	
Purcell,	architects	to	Stowe	House	Preservation	Trust.	
	
	
	
	
	
	
	
Figure	4:	Detail	of	exposed	area	from	the	North	wall	in	different	modes:	As	if	lighted	from	
above	(A),	RTI	view	in	default	(B),	diffuse	gain	(C),	specular	enhancement	(D),	normal	(E),	
image	(F),	luminance	(G)	and	coefficient	unsharp	masking	rendering	mode	(H).	
	
	
	
Figure	5:	(above	right)	An	exposure	of	each	of	the	decorative	schemes	to	the	South	wall	of	
the	upper	landing,	compared	to	a	cross	section	of	the	full	paint	archaeology	(above	centre)	
and	to	a	cross	section	from	the	exposed	wall	painting	(above,	lower	left).	A	larger	exposure	
of	the	second	scheme	showed	thin	white	banding	on	a	stone	colour	base	coat,	perhaps	
indicative	of	stylised,	fictive	ashlar	block-work	or	rustication	©	Hirst	Conservation	Ltd	
	
Figure	6:	Detail	of	sequential	exposures	of	decorative	schemes	on	the	South	wall.	As	if	
lighted	from	above	(A),	RTI	view	in	default	(B),	specular	enhancement	(C)	rendering	mode	
and	normal	map	(D).	
	
Figure	7:	Detail	of	the	South	wall.	Significantly	more	information	about	the	surface	texture	
of	the	wall	can	be	obtained	when	comparing	trial	areas,	A,	B,	C	in	the	2D	image	(above	left)	
and	RTI	visualizations	in	specular	enhancement	rendering	mode	(above	right).	The	areas	of	
restoration	disclosed	in	the	RTI	images	are	indicated	with	a	blue	arrow.	
	
Figure	8:	2D	images	of	sections	of	the	North	wall	(A,	D)	and	details	of	RTI	visualizations	in	
specular	enhancement	rendering	mode	(B,	C,	E	and	F).	Details	B	and	C	are	RTI	visualisations	
of	the	area	highlighted	in	a	red	box	in	image	A,	and	details	E	and	F	relate	to	the	area	
highlighted	in	a	red	box	in	image	D.		
	
Figure	9:	Twelve	sample	areas	of	the	North	Wall	from	repaired	(1,	2,	11,	12),	exposed	(3,	4,	
5,	6)	and	overpainted	areas	(7,	8,	9,	10).				
	
Figure	10:	A	2D	image	(above,	top)	of	a	detail	of	the	North	wall	and	detail	RTI	visualizations	
(A,	B)	in	specular	enhancement	rendering	mode.	Note	the	visibility	of	the	compositional	
lines	as	they	continue	beneath	the	over	paint.	
	
Figure	11:	Detail	of	the	South	wall	of	staircase.	2D	image	(A)	and	RTI	visualization	in	specular	
enhancement	rendering	mode	(B).	A	series	of	vertical	and	horizontal	lines	can	be	clearly	
seen,	and	appear	to	suggest	the	presence	of	a	Greek	key	design.	Image	C	highlights	some	of	
the	lines	visible	(in	blue)	and	a	graphic	overlay	of	a	Greek	key	design	shows	how	many	of	the	
lines	correlate.	The	dashed	orange	lines	are	lines	that	are	visible	but	which	do	not	correlate	
with	the	design.	
	
Figure	12:	An	illustration	showing	different	styles	of	annotation.	(A)	Lines	revealed	on	an	
area	of	the	north	wall	during	RTI	virtual	visual	analysis	have	been	traced	to	record	their	
position.	(B)	Lines	revealed	in	another	section	of	the	north	wall	traced	using	live	draw	apps	
and	colour	coded	to	indicate	a	certain	characteristic	e.g.	magenta	=	restoration	areas,	blue	=	
concealed	original	designs	such	as	figurative	painting	or	stencilling.	(C)	Screenshot	of	a	detail	
of	the	South	stairway	in	CHER-Ob.	Surface	annotations	were	used	as	means	to	indicate	the	
position	of	lines	revealed	during	RTI	viewing.	
	
	
Table	1:	Average	variability	of	the	surface	normals	from	12	sample	areas	of	the	North	Wall.	
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